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Abstract
HIV is known to subvert cellular machinery to enhance its replication. Recently, HIV has been reported to
enhance TC renin expression. We hypothesized that HIV induces and maintains high renin expression to
promote its own replication in TCs. Renin enhanced HIV replication in TCs in a dose-dependent manner.
(P)RR-deficient TCs, as well as those lacking renin, displayed attenuated NF-κB activity and HIV
replication. TCs treated with renin and Hpr displayed activation of the (P)RR-PLZF protein signaling
cascade. Renin, HIV, and Hpr activated the PI3K pathway. Both renin and Hpr cleaved Agt (a renin
substrate) to Ang I and also cleaved Gag polyproteins (protease substrate) to p24. Furthermore, aliskiren, a
renin inhibitor, reduced renin- and Hpr-induced cleavage of Agt and Gag polyproteins. These findings
indicate that renin contributes to HIV replication in TCs via the (P)RR-PLZF signaling cascade and
through cleavage of the Gag polyproteins.
Keywords: Vitamin D receptors, Aspartyl protease
Introduction
Renin, the prime initiation molecule of the RAS was identified more than a century ago [1]; however, its
receptor (P)RR was identified only 2 decades ago [1, 2]. Before the identification of (P)RR, renin was
known for its hemodynamic contributions through the generation of Ang II [3]. Currently, renin is being
investigated for its direct cellular effects in cardiovascular biology [4]. Several investigators have revealed
that renin directly contributes to the end-organ damage caused by hypertension and diabetes [5,–7].
(P)RR is an integral component of mammalian vacuolar type H+-ATPase (V-ATPase) [2] and participates
in each step of membrane trafficking from entry of molecules by receptor-mediated endocytosis to their
processing via lysosomal/autophagosomal compartments. Moreover, (P)RR works as an adaptor protein
between the Wnt receptor complex and V-ATPase [8]. Renin binding to (P)RR induces nuclear
translocation of the PLZF protein, repressing (P)RR and simultaneous activation of PI-3K [9, 10].
(P)RR has been demonstrated to induce smooth-muscle cell proliferation and hypertrophy through the Src,
ERK, and Akt pathways [11]. Conversely, blocking (P)RR from binding to its ligands prevents the
development of cardiac fibrosis and diabetic nephropathy [12,–15]. (P)RR has also been shown to enhance
production of TNF-α and IL-1β, independent of its Ang II generation [13,–15].
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TCs have been reported to display endogenous RAS, and its activation contributes to the development of
hypertension and tubulointerstitial fibrosis [16, 17]. Recently, we reported that HIV enhances renin
generation in several cell types, including CD4 TCs [18,–20]. HIV-infected TCs were found to have down-
regulated protein levels of VDR and treatment of HIV-infected TCs with a VDA not only up-regulated
VDR expression, but also down-regulated renin expression [18]. In several disease models, VDAs have
been reported to down-regulate cellular renin expression [21, 22].
In the current study, we found that renin enhances HIV replication through its interaction with (P)RR, as
well as by mimicking Hpr. Renin-induced (P)RR activation was associated with activation of the PLZF-PI-
3K pathway, leading to enhanced NF-κB activity. Interestingly, Hpr also interacted with (P)RR and
enhanced downstream signaling, including the activation of HIV-LTR. Hpr cleaved a renin-specific
substrate, Agt, while renin cleaved Gag polyproteins. These findings indicate that renin enhances HIV
replication through (P)RR and cleavage of Gag polyproteins.
MATERIALS AND METHODS
Human TCs
TCs were isolated from blood obtained from healthy volunteers (New York Blood Bank, New York, NY,
USA). In brief, PBMCs were harvested by the standard technique [23]: the TCs were isolated from the
PBMCs by passing them through a TC-negative selection column (Invitrogen, Oslo, Norway) and were
primed before their use (IL-2, 100 U/mL and PHA-P, 5.0 μg/mL).
MTT assay
To determine the effect of renin on TC viability, we treated the TCs with various concentrations of renin
(0, 0.1, 1.0, 10.0, 50, and 100 nM) for 24 h. Subsequently, the cells were examined for viability by MTT
assay [23]. There was no difference in the viability of the control cells and TCs treated with up to 5 nM
renin.
HIV infection of TCs
Activated TCs were pulsed with a primary strain of HIV-1 (HIV-1 , SI isolates, 0.5 IU [MOI]; NIH
AIDS Reagent Program, Bethesda, MD, USA) for 2 h, followed by trypsinization and extensive washing
to remove adherent HIV particles, and then the TCs were reincubated in medium. HIV-1 replication was
measured by harvesting control (including negative) cells, experimental cells, and incubation medium.
Protein and RNA were extracted from the cells. cDNAs were probed for LTR and Gag. Protein blots were
probed for Gag (NIH AIDS Reagent Program) and reprobed for actin. The p24 antigen concentrations in
the incubation media were measured by p24 ELISA, according to the manufacturer's instructions.
IP
The protein lysates were immunoprecipitated after addition of 10 μL of polyclonal Ab to PLZF (Santa
Cruz Biotechnology, Dallas, TX, USA). The immune complexes were then harvested by using 25 μL of
protein A+G Sepharose beads (GE Healthcare Life Sciences, Pittsburgh, PA, USA) in RIPA buffer. The IP
was performed at 4°C, for 4 h, on a rotating platform, and the protein (A+G)-precipitated proteins were
pelleted down by centrifugation at 4500 rpm for 10 min at 4°C. Next, the protein pellet was washed 3
times with 1 mL of cold RIPA lysis buffer, followed by centrifugation each time for 10 min at 2500 rpm in
a microfuge. After they were washed, the beads were resuspended in 30 μL of lysis buffer to which SDS-
PAGE sample buffer (30 μL) was added, and the samples were boiled at 100°C, followed by SDS-PAGE
on Criterion Gel 4–20% Tris-HCl polyacrylamide gels (Bio-Rad, Hercules, CA, USA) and analysis by
Western immunoblot with the specified antibodies.
92HT599
6/22/2018 Renin modulates HIV replication in T cells
https://www-ncbi-nlm-nih-gov.medproxy.hofstra.edu/pmc/articles/PMC4163631/?report=printable 3/20
Preparation of nuclear extracts and EMSA
Nuclear extracts from control and experimental cells (1×10 ) were prepared. The NF-κB DNA-binding
protein detection system kit (Affymetrix, Santa Clara, CA, USA) was used for the EMSA, with aliquots of
1 μg extract. Briefly, the protein-binding biotinylated DNA probe (NF-κB) was incubated with the nuclear
extracts prepared from the control and experimental cells, according to the manufacturer's protocol
(Panomics, Redwood City, CA, USA). The DNA–protein binding reactions were performed at room
temperature for 10 min in 10 mM Tris-HCl (pH 7.9), 50 mM NaCl, 5 mM MgCl , 1 mM EDTA, and 1
mM DTT, plus 1 μg poly (dI-dC), 5% (v:v) glycerol, and ∼10 ng biotinylated NF-κB probe. Protein DNA
complexes were resolved from protein-free DNA on 6% polyacrylamide gels (Invitrogen) at 4°C in 50 mM
Tris (pH 8.30) and 2 mM EDTA. The DNA–protein complexes and the remaining gel contents were
transferred to Biodyne B membranes (Pall Corp., Ann Arbor, MI, USA) for 60 min at 300 mA. The
membranes now containing the DNA–protein complexes were UV cross-linked, and chemiluminescence
detection of biotinylated DNA was performed with an EMSA kit (Panomics/Affymetrix).
Preparation of Hpr and pr55gag-polyprotein lysates
Plasmid pr55gag was prepared from transformed JM109 cells, as described in the protocol [24], and was
obtained from NIH AIDS Reagent pDAB72. Hpr pCDNA3-PR was obtained from Addgene (Cambridge,
MA, USA) and incubated in ampicillin-resistant Luria-Bertani medium for 10 h at 37°C with rotation. The
plasmid was prepared with a spin miniprep kit (QIAprep; Qiagen, Valencia CA, USA), and concentration
was calculated. Six micrograms of the plasmid was transfected into TCs for 24 h. Cell extracts were
prepared by suspending the pelleted cells in 5 mL 20 mM KH PO  (pH 7.2) and 150 mM NaCl (PBS
buffer). Cell debris was removed by centrifuging at 15,000 g. The resulting lysate was stored in aliquots at
−70°C.
Western blot analyses
TCs were lysed in RIPA buffer containing 50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-
40, 0.25% deoxycholate, 0.1% SDS, 1× protease inhibitor cocktail I (Calbiochem, EMD Biosciences,
Gibbstan, NJ, USA), 1 mM PMSF, and 0.2 mM sodium orthovanadate. Protein concentrations were
determined with the Bio-Rad Protein Assay kit (Bio-Rad). Protein lysates (20 μg) were separated on a 15%
polyacrylamide gel (Bio-Rad) and transferred onto a nitrocellulose membrane with a miniblot apparatus
(Bio-Rad). Nitrocellulose membranes were then subjected to immunostaining with primary antibodies
against VDR (mouse monoclonal; Santa Cruz Biotechnology), renin (monoclonal; Santa Cruz
Biotechnology), (P)RR (ATP6IP2; Abcam, Cambridge, MA, USA), Hpr (mouse monoclonal; Santa Cruz
Biotechnology), and Gag (NIH AIDS Reagent Program) and subsequently with the appropriate HRP-
labeled secondary antibodies. The blots were developed with a chemiluminescence detection kit (Pierce
Biotechnology, Rockford, IL, USA) and exposed to X-ray film (Eastman Kodak Co., Rochester, NY,
USA). Equal protein loading was confirmed by stripping the blot and reprobing it for actin protein with a
β-actin antibody (Santa Cruz Biotechnology) on the same Western blots.
RT-PCR Analysis
Control and experimental TCs were used to quantify LTR and Gag mRNA expression. RNA was extracted
with TRIzol (Invitrogen/Life Technologies, Grand Island, NY, USA). For cDNA synthesis, 2 μg of the
total RNA was preincubated with 2 ng of random hexamer (Invitrogen) at 65°C for 5 min. Subsequently, 8
μL of the RT reaction mixture containing cloned avian myeloblastosis virus RT, 0.5 mM each of the mixed
nucleotides, 0.01 M DTT, and 1000 U/mL RNAsin (Invitrogen) were incubated at 42°C for 50 min. For
the negative control, a reaction mixture without RNA or RT was used. Samples were subsequently
incubated at 85°C for 5 min to inactivate the RT.
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Quantitative PCR was performed in an ABI Prism 7900HT sequence detection system (Life Technologies)
with the following primer sequences: LTR forward, GCTAACTAGGGAACCCACTG, reverse,
GCTAGAGATTTTCCACACTGA and GAG forward, AATCCACCTATCCCAGTAGGAG, reverse,
TGGTCCTTGTCTTATATCCAGAAT.
SYBR green was used as the detector and ROX (Life Technologies) as a stabilizing dye. The results (mean
± SD) represent at least 3 sets of experiments, as described in the legend. The data were analyzed by using
the C  (ΔΔ ) method (Figs. 1–3). Differences in C  were used to quantify the relative amount of PCR
target contained within each well. The data are expressed as relative mRNA expression in reference to the
control, normalized to the quantity of RNA input by performing measurements on the endogenous
reference gene GAPDH.
Ang I ELISA
Aspartyl protease (renin and Hpr) activity was measured as Ang1 formed in the presence of recombinant
human renin (cat. no. 10006217; Cayman Chemical, Ann Arbor, MI, USA) and Hpr. Briefly, Agt (GWB-
FE60B8; GenWay Biotech, Inc., San Diego, CA, USA) was used as a substrate for the renin. Samples were
incubated with and without Agt (1 μM) at 37°C for 1 h followed by measurement of Ang I with an ELISA
kit (cat. no. ADI 900-203; Enzo Life Sciences, Farmingdale, NY, USA).
Gag proteolytic activity
A protease assay was performed as described elsewhere [24]. Gag translation extract (100 μL) was mixed
with either 600 μL of Hpr-transduced cell lysate or recombinant human renin (1 nM; Cayman Chemical) in
100 μL PBS and incubated for 60 min at 37°C. Subsequently, aliquots were assayed for p24 by ELISA
(Lenti-X p24 Rapid Titer Kit, Cat. No 632200; Clontech, Mountain View, CA, USA).
Immunofluorescence detection of nuclear p-p65
Control and experimental TCs were fixed and permeabilized with a buffer containing 0.02% Triton X-100
and 4% formaldehyde in PBS. Fixed cells were washed 3 times in PBS and blocked in 1% BSA for 30 min
at 37°C. The cells were colabeled with Hoechst (nuclear) and anti NF-κB p-p65 rabbit antibody (Santa
Cruz Biotechnology) and Alexa-conjugated goat anti-rabbit secondary antibody (Invitrogen). Double
labeling was indicated by purple staining. Specific staining was visualized with an inverted 1X 70
fluorescence microscope equipped with a Cook Sensicom ER camera (Olympus America, Melville, NY,
USA). Final images were processed with PhotoShop (Adobe, San Jose, CA, USA).
Silencing of VDR, Renin, and (P)RR
TCs were transfected with 20 nM VDR, renin, (P)RR, or control siRNA (Santa Cruz Biotechnology) via
Siport Neofax transfection reagent (Life Technologies) and incubated in reduced-serum medium
(optiMEM, Life Technologies) for 48 h. Control and transfected cells were used in control and
experimental conditions.
Statistical analysis
For comparison of the means of 2 groups, the unpaired t test was used. For values between multiple
groups, ANOVA was used to calculate the probability (P). Statistical significance was defined as P < 0.05.
Results are presented as the mean ± SD.
RESULTS
Renin modulates HIV replication
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To determine the effect of renin, control and HIV-pulsed TCs were incubated in medium containing either
buffer or renin (1 nM) for 24 h. Subsequently, samples of the media were collected for p24 ELISA, and
RNA was extracted from the cells and amplified with primers for LTR and Gag by real-time PCR. As
shown in Fig. 1A, renin enhanced p24 content in HIV-pulsed cells by 3-fold; similarly, renin enhanced
LTR and Gag expressions in HIV-pulsed cells by 15- and 10-fold, respectively (Fig. 1B).
To determine the dose–response effect of renin, HIV-pulsed TCs were incubated in medium containing
various concentrations of renin (0, 0.1, 1.0, and 5.0 nM) for 24 h (n=4). Subsequently, incubation media
were collected for p24 ELISA, and the cells were harvested for protein and RNA extraction. Protein blots
were probed for Gag and reprobed for actin. cDNA was probed for LTR and Gag. Representative gels
displaying expressions of Gag and actin in control and experimental cells are shown in Fig. 1C.
Cumulative data on the dose–response effect of renin on the p24 content of HIV-pulsed TCs are shown in 
Fig. 1D. Renin enhanced p24 levels in HIV-pulsed TCs in a dose-dependent manner. Similarly, it enhanced
the expression of both LTR and Gag in HIV-pulsed TCs (Fig. 1E). We evaluated the effect of Ang II (10
to 10  M) on HIV replication, and found that it had none (data not shown).
To determine the effect of an enhanced endogenous renin state (through silencing VDR) on TC HIV
replication, TCs were transfected with either siRNA-VDR (siVDR) or scrambled siRNA (SCR). Protein
blots of control, siVDR, and SCR TCs were probed for VDR and reprobed for renin and actin.
Representative gels from control and experimental cells are shown in Fig. 1F. TCs silenced for VDR
displayed enhanced expression of renin.
In parallel sets of experiments, control and siVDR TCs were pulsed with HIV or treated with buffer and
then incubated in medium for 24 h (n=3). Subsequently, the incubation media were collected for p24
ELISA, the cells were harvested for RNA extraction, and PCR was performed for LTR and Gag
expression. The HIV/siVDR TCs displayed higher (P<0.05) p24 levels than the HIV TCs (Fig. 1G). The
HIV TCs silenced for VDR displayed higher expression of both LTR and Gag than the HIV TCs (Fig. 1H).
Lack of renin and inhibition of its proteolytic activity are associated with attenuated TC
HIV replication
To determine the effect of the absence of endogenous renin on HIV replication in TCs, TCs were
transfected with either siRen or SCR. Protein blots of control, siRen, and SCR TCs were probed for renin
and reprobed for actin. Representative blots of control and experimental cells are shown in Fig. 2A. The
control and siren TCs were pulsed with either HIV or buffer and then incubated in medium for 24 h;
subsequently, the incubation media were assayed for p24 contents, and cDNA was used for PCR
amplification. The HIV/siRen TCs displayed lower (P<0.05) p24 levels than the HIV TCs (Fig. 2B);
similarly, the HIV/siRen TCs displayed more attenuated (P<0.01) expression of LTR and Gag than the
HIV TCs (Fig. 2C).
To determine the effect of inhibition of the proteolytic activity of renin, control and HIV-pulsed TCs were
treated with either buffer or 1 μM aliskiren (a renin activity inhibitor) for 24 h (n=4) followed by collection
of the incubation media for p24 ELISA and harvesting of cells for mRNA expression (LTR and Gag).
Aliskiren partially attenuated (P<0.05) p24 levels in the HIV TCs (Fig. 2D); similarly, aliskiren inhibited
(P<0.01) TC expression of LTR and Gag in the HIV TCs (Fig. 2E).
Because 1,25(OH) D is a negative regulator of renin transcription, VDAs have been used to attenuate
renin expression in a variety of cells [25]. To determine the effect of a VDA, control TCs and HIV-pulsed
TCs were incubated in medium containing either buffer or a VDA (50 pM; EB1089) for 24 h (n=4),
followed by collection of the incubation media for p24 ELISA and harvest of the cells for RNA extraction.
VDA partially attenuated (P<0.01) p24 levels in HIV TCs (Fig. 2F). It also attenuated (P<0.01) LTR and
Gag expression in HIV TCs (Fig. 2G).
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Role of (P)RR in HIV replication
To determine the role of (P)RR in HIV replication, TCs were transfected with either si-(P)RR or SCR.
Protein blots were probed for (P)RR and then reprobed for actin. Representative gels of control and
experimental cells are shown in Fig. 3A. TCs and si(P)RR TCs were either pulsed with HIV or treated
with buffer and then incubated in medium for 24 h (n=3) followed by assessment of HIV replication (p24
levels in the media and cellular mRNA expression of Gag and LTR). The HIV TCs silenced for (P)RR
displayed lower (P<0.01) p24 levels when compared with levels in the HIV TCs (Fig. 3B). The HIV TCs
lacking (P)RR displayed further attenuated expression of LTR (P<0.05) and Gag (P<0.01), compared with
levels in the HIV TCs (Fig. 3C). These findings indicate that (P)RR plays a role in TC HIV replication.
Both renin and Hpr contribute to HIV replication through their proteolytic activities
To determine the effect of overexpression of Hpr, control TCs and TCs transfected with the Hpr plasmid
were pulsed with either HIV or buffer and then incubated in medium containing buffer or renin (R, 1 nM),
aliskiren (A, 1 μM), or renin+aliskiren for 24 h (n=3). Protein blots were probed for Gag; the same blots
were reprobed for actin. Representative gels are displayed in Fig. 4A. Cumulative densitometric data are
shown in the bar graph. Both Hpr and renin enhanced (P<0.01) HIV replication. Aliskiren inhibited HIV
replication in the basal (P<0.05) and Hpr/renin-stimulated states (P<0.01). These findings confirm that
both Hpr and renin contribute to HIV replication through their proteolytic activities.
To determine the effect of renin on cleavage of Gag polyproteins, lysates of pr55 gag polyprotein–
expressing TCs were incubated for 60 min in medium containing buffer (C), lysates of cells
overexpressing protease (Hpr), renin, renin+aliskiren, or Hpr+aliskiren (n=3). Aliquots of the media were
collected for p24 ELISA. Hpr enhanced (P<0.001) cleavage of Gag polyproteins when compared to the
control (Fig. 4B). Aliskiren inhibited (P<0.01) cleavage of Gag polyproteins in both the Hpr- and renin-
treated states. Renin displayed only moderate (P<0.01) cleavage of Gag polyproteins. However, this
difference in proteolytic activity between Hpr and renin may be related to the use of doses of renin and
Hpr of various potencies.
To determine whether Hpr also has the potency to cleave renin substrate, aliquots of Agt were incubated in
medium containing lysates of Hpr-expressing cells (600 μL) or renin (1 nM) for 30 min (n=3).
Subsequently, samples of media were collected and assayed for Ang I ELISA. Both Hpr and renin showed
cleavage of Agt (Fig. 4C). These findings indicate that Hpr has proteolytic activity similar to renin.
Role of PLZF pathway
We hypothesized that binding of renin to (P)RR causes dissociation of PLZF and activation of the PI3K
pathway, as shown in the schematic display (Fig. 5A, post-renin). To validate our hypothesis, TCs were
incubated in medium containing either renin (1 nM) or Hpr (600 μL) for the indicated times. Subsequently,
IP of cell lysates with PLZF antibody was performed. IP fractions were probed for (P)RR, and PLZF (IgG
as a contaminant served as the internal control for equal loading of samples). Representative gels are
shown in Fig. 5B. Renin- and Hpr-treated cells showed dissociation of (P)RR from PLZF in a time-
dependent manner.
Since the PLZF pathway is known to activate PI3K and P38 signaling, TCs were either incubated in
medium containing renin (1 nM) or Hpr (600 μL) or were pulsed with HIV for 2 h and then incubated in
medium for various intervals up to 60 min for Western blot analysis of p-PI3K and p-p38. These blots
were then reprobed for p38 and actin. Representative gels are shown in Fig. 5C. Renin, HIV, and Hpr, all
activated the PI3K pathway.
Both lack of renin and (P)RR-deficient states inhibit the activation of NF-κB in TCs
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HIV has been reported to enhance its replication through the activity of NF-κBp65 in TCs [26]. To
determine the effect of renin on TC NF-κBp65 activity (in basal and HIV milieus), TCs were either pulsed
with HIV or buffer and then incubated in medium containing renin (1 nM) for 48 h. Subsequently, the cells
were colabeled with Hoechst (nuclear stain) and p-p65 and examined under a fluorescence microscope.
The control cells displayed minimal nuclear presence of p-p65, whereas both the renin- and HIV-treated
TCs displayed a moderate nuclear presence of p-p65, indicating nuclear translocation of NF-κB. On the
other hand, the TCs receiving combined treatment (renin and HIV) displayed a greater nuclear presence of
p-p65 (Fig. 6A). These findings indicate that renin enhances HIV-induced translocation of NF-κB in TCs.
To determine the role of renin and (P)RR in the activation of TC NF-κB, control TCs were transfected with
siRen/si(P)RR or SCR. Protein blots of control cells, siRen, si(P)RR, and SCR were probed with renin and
(P)RR. The same blots were reprobed for actin. Representative gels are shown in Fig. 6B and C.
To confirm the role of renin in NF-κB activity, control cells and siRNA-transfected TCs were pulsed with
HIV and then incubated in medium containing either buffer or renin (1 nM) for 4 h (n=3). To evaluate the
role of (P)RR in NF-κB activation, control TCs and si(P)RR-transfected TCs were pulsed with HIV and
then incubated in medium for 4 h (n=3).
Nuclear extracts of both control and experimental cells were assayed for NF-κB by EMSA. Representative
gels are shown in Fig. 6D and E. Both renin and HIV enhanced NF-κB activity; however, cells silenced for
renin displayed attenuated NF-κB activity, both in the control and the HIV-stimulated states (Fig. 6D).
Furthermore, TCs silenced for (P)RR also displayed attenuated NF-κB binding activity, both in control and
HIV-pulsed conditions (Fig. 6E). These findings indicate that both renin and (P)RR contribute to HIV-
induced TC NF-κB activation.
Figure 7 shows a representation of the proposed contribution of renin to HIV replication via (P)RR and
Gag polyproteins.
DISCUSSION
Both renin and Hpr are aspartyl proteases and are structurally similar [27]. Therefore, protease inhibitors in
general, have been designed based on renin structure [27]. In addition, serum Ang I levels have been
reported to display the bioavailability of protease inhibitors [28, 29]. Our findings are consistent with those
reports. It has been speculated that protease inhibitors also attenuate high blood pressure in HIV patients
[30]. However, the role of (P)RR- and renin-mediated proteolytic activity in HIV replication has not been
studied. Recently, Hpr has been reported to cause activation of NF-κB and HIV-LTR [31], but the role of
(P)RR was not evaluated in these studies. In the present study, TCs silenced for (P)RR displayed
attenuated activation of NF-κB in response to HIV. Thus, our data suggest that Hpr also uses the (P)RR
signaling cascade for HIV replication in TCs.
HIV has been shown to enhance its replication through activation of NF-κB [32, 33]. In the present study,
renin-treated and HIV-infected TCs displayed enhanced activation of NF-κB, which was minimized in the
cells lacking renin. Similarly, cells lacking (P)RR displayed an attenuated effect of HIV on TC NF-κB
activation. These findings indicate that both (P)RR and renin participate in HIV-induced NF-κB activation.
Moreover, VDA inhibits HIV replication, possibly through the upregulation of VDR and down-regulation
of renin expression in HIV-infected TCs.
Miyake et al. [34] studied the effect of an NF-κB inhibitor on HIV-1 replication in a human TC line and
PHA-stimulated PBMCs. The NF-κB inhibitor attenuated both constitutive NF-κB and HIV-LTR promoter
activity in HIV-1-infected PHA-PBMCs. NF-κB inhibition down-regulated integration of HIV-1 provirus
into the host genome and decreased HIV-1 expression in the human TC line. The investigators suggested
that NF-κB not only regulates early events but also initiates and accelerates the expression of HIV-1.
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Patients with HIV infection have been reported to have a 25(OH) D2 (calciferol, vitamin D3) deficiency
[35]. However, the cause-and-effect relationship between 25(OH) D2 deficiency and HIV replication is
controversial. Because the stability of VDR is dependent on the availability of 1,25(OH) D (calcitriol,
active vitamin D3), its deficiency results in a deficient VDR status. Because 1,25(OH) D negatively
regulates renin [25], patients with HIV infection are likely to have higher levels of renin. Our findings in
the present study are consistent with the notion that replenishment of VDA would not only lower renin
expression but would also impede HIV replication. In addition, 1,25(OH) D has been known to inhibit
activation of NF-κB in several cell types by multiple mechanisms. In dendritic cells, 1,25(OH) D directly
suppresses RelB transcription [36]. It mitigates an increase in NF-κB p50 and its precursor p105 and c-Rel
proteins in activated lymphocytes [37]. Furthermore, it decreases the DNA binding capacity of NF-κB in
fibroblasts [38]. Similarly, a VDA attenuates NF-κB p65 nuclear translocation in pancreatic islet cells [39].
1,25(OH) D has also been shown to down-regulate HIV replication in macrophages through enhancing
autophagy [40]. However, it remains to be determined whether VDR is directly involved in the regulation
of the NF-κB pathway.
In summary (Fig. 7), in high-renin states such as HIV infection, renin interacts with (P)RR, which then
leads to the release of PLZF from (P)RR and its translocation to the nucleus. PLZF activates the PI3K
pathway, leading to the activation of NF-κB and its binding to the LTR promoter site, which in turn
generates Gag polyprotein. Gag polyprotein is cleaved by both renin and Hpr and results in the release of
proviral proteins, including p24.
ACKNOWLEDGMENTS
This work was supported by grants R01DK084910;, R01DK083931;, and R01DK098074 to P.C.S. from
the U.S. National Institutes of Health, Bethesda, MD, USA.
The authors thank the NIH AIDS Reagent Program for providing the reagents and Novartis for providing
the aliskiren.
Footnotes
Agt angiotensinogen 
CD cluster of differentiation 
C comparative threshold 
Gag group-specific antigen 
Hpr HIV protease 
IP immunoprecipitation 
LTR long terminal repeat 
PI3K phosphoinositide 3-kinase 
PLZF promyelocytic leukemia zinc finger protein 
p-p65 phosphorylated protein 65 
(P)RR (pro)renin receptor 
RAS renin—angiotensin system 
RIPA radioimmunoprecipitation assay 
SCR scrambled siRNA 
si small interfering 
si(P)RR siRNA-(P)RR 
siRen siRNA-renin 
siVDR siRNA-VDR 
Src sarcoma 
TC T cell 
V-ATPase vacuolar type H+-ATPase 
VDR vitamin D receptor 
VDA vitamin D analogue 
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Figure 1.
Renin modulates HIV replication.
(A) Control TCs (C) and HIV-pulsed TCs (HIV) were incubated in medium containing either buffer or renin (0.1 nM) for
24 h (n=4). Aliquots of the incubation media were collected for p24 assay by ELISA. *P < 0.1, compared to the control;
**P < 0.01, compared to HIV alone. (B) RNA was extracted from the cells treated in (A) and probed for cellular mRNA
expression for LTR and Gag by positive and negative probes. *P < 0.001, compared to respective HIV alone. (C) HIV-
pulsed TCs were incubated in the presence of various concentrations of renin (0, 0.1, 1.0, and 5.0 nM) for 24 h (n=4). At
the end of the incubation period, protein blots were probed for Gag and were reprobed for actins. Representative gels are
displayed. (D) Samples of media were collected from the cells in (C) and assayed for p24 by ELISA (n=4). Cumulative
data are shown in the bar graph. *P < 0.05, compared to control; **P < 0.01, compared to other variables. (E) Cellular
RNA was extracted from the cells in (C) and probed for mRNA expression for LTR and Gag by positive and negative
probes. Cumulative data (n=4) are displayed in the bar graph. *P < 0.05, compared to 0 renin (R); **P < 0.01, compared
to all other variables; ***P < 0.05, compared to R doses 0 and 0.1 nM; †P < 0.001 compared to R doses 0 and 0.1 nM;
and ‡P < 0.05 compared to R dose 1 nM). (F) TCs were transfected with siVDR or SCR. Protein blots of control, siVDR,
and SCR TCs were probed for VDR. The same blots were probed for renin and actin. Representative gels of control and
experimental cells are shown. (G) Control and siVDR TCs were pulsed with HIV or treated with PBS buffer and then
incubated in RPMI medium for 24 h (n=3). Subsequently, incubation media were collected for p24 ELISA. Cumulative
data are shown in the bar graph. *P < 0.01 compared to control; **P < 0.05 compared to HIV alone. (H) Cellular RNA
was extracted from the cells in (G) and probed for LTR and Gag. Cumulative data are shown in the bar graph. P < 0.01
compared to respective HIV alone.
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Figure 2.
Lack of renin or inhibition of its proteolytic activity are associated with attenuated TC HIV replication.
(A) TCs were transfected with either siRen or SCR. Protein blots of control, siRen, and SCR TCs were probed for renin,
and the same blots were reprobed for actin. Representative gels of control and experimental cells are shown. (B) Control
and siRen TCs were either pulsed with HIV or treated with buffer and then incubated in medium for 24 h (n=3). Samples
of incubation media were assayed for p24 by ELISA. Cumulative data of 3 sets of experiments are shown in the bar
graph. *P < 0.001 compared to control; **P < 0.05 compared to HIV alone. (C) Cellular RNA was extracted from the
cells in (B) and probed for LTR and Gag. Cumulative data (n=3) are shown in the bar graph.*P < 0.01 compared to
respective HIV alone. (D) Control and HIV-pulsed TCs were treated with buffer or aliskiren (1 μM) for 24 h (n=4).
Aliquots of media were collected for p24 ELISA. Results (mean ± SD) represent 4 sets of experiments. *P < 0.001
compared to control; **P < 0.05, compared to HIV alone. (E) RNA was extracted from the cells harvested from (D) and
probed for LTR and Gag. Cumulative data are shown in the bar graph. *P < 0.01, compared to HIV alone. (F) Control and
HIV-pulsed TCs were incubated in medium containing either buffer or VDA (50 pM; EB1089) for 24 h (n=4). Aliquots of
incubation media were collected for p24 assay by ELISA. Results (mean ± SD) represent 4 sets of experiments. *P <
0.001, compared to control; **P < 0.05, compared to HIV alone. (G) Cellular RNA was extracted from the cells in (F) and
probed for LTR and Gag. Cumulative data (n=3) are shown in the bar graph.*P < 0.01, compared to respective HIV alone.
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Figure 3.
Open in a separate window
Role of (P)RR in HIV replication.
(A) TCs were transfected with either si(P)RR or SCR. Protein blots were probed for (P)RR, and the same blots were
reprobed for actin. Representative gels of control and transfected cells are shown. (B) TCs and si(P)RR TCs were either
pulsed with HIV or treated with buffer and then incubated in medium for 24 h (n=3). Aliquots of media were collected for
a p24 assay by ELISA. Results (mean ± SD) are from 3 sets of experiments. *P < 0.001, compared to control; **P < 0.01,
compared to HIV alone. (C) Cellular RNA from the cells in (B) was probed for mRNA expression of Gag and LTR.
Cumulative data (n=3) are shown in the bar graph. *P < 0.05, compared to respective HIV alone; **P < 0.01, compared to
respective HIV alone.
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Figure 4.
Open in a separate window
Role of renin and Hpr in enhancing HIV replication through their proteolytic activities.
(A) Control TCs and TCs overexpressing Hpr were either pulsed with HIV (H) or treated with buffer and then incubated
in media containing either buffer or renin (R, 1 nM), aliskiren (A, 1 μM), or renin+aliskiren for 24 h (n=3). Protein blots
were probed for Gag protein; the same blots were reprobed for actin. Representative gels are displayed. Cumulative
densitometric data of Gag protein expression under control and experimental conditions are shown in the bar graph (n=3).
*P < 0.05, compared to C and H/A; **P < 0.01, compared to H/Hpr; ***P < 0.01 compared H alone; and ****P < 0.01,
compared to H alone. (B) Lysates of pr55 gag polyprotein-expressing TCs (100 μL) were incubated in medium containing
buffer (C) or lysates of TCs overexpressing Hpr (600 μL), renin (1 nM), renin+aliskiren (Alis, 1 μM), or Hpr+Alis for 60
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min (n=3). Aliquots of media were collected for p24 ELISA. Results (mean ± SD) are from 3 sets of experiments. *P <
0.001, compared to C; **P < 0.01, compared to C; ***P < 0.01, compared to Ren; and ****P < 0.01, compared to Hpr.
(C) Aliquots of Agt were incubated in medium containing lysates of Hpr-expressing TCs (600 μL) and renin (1 nM) for
30 min (n=3). Subsequently, aliquots of media were collected for Ang I ELISA. Cumulative data are shown in the bar
graph. *P < 0.001, compared to C.
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Figure 5.
Role of the PLZF pathway.
(A) Binding of renin to (P)RR, inducing dissociation of PLZF and activation of the PI3K pathway in the postrenin phase.
(B) TCs were incubated in medium containing renin (1 nM) or Hpr (600 μL) for the indicated times. Subsequently, IP of
cell lysates with the PLZF antibody was performed. The IP fractions were probed for (P)RR and PLZF. Representative
gels are shown. (C) TCs were incubated in medium containing renin (1 nM) or Hpr (600 μL) or were pulsed with HIV for
the indicated times. Protein blots were probed with p-PI3K and p-p38. The same blots were reprobed for p38 and actin.
Representative gels are shown.
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Figure 6.
Open in a separate window
Both lack of renin and (P)RR deficiency inhibit the activation NF-κB in TCs.
(A) TCs were either pulsed with HIV or treated with buffer and then incubated in medium containing renin (1 nM) for 24
h. Subsequently, the cells were colabeled with Hoechst (nuclear stain) and phospho-p65 and examined under a
fluorescence microscope. Representative microfluorographs are shown. Control cells displayed minimal nuclear presence
of p-p65, whereas both renin- and HIV-treated TCs displayed a moderate nuclear presence of p-p65, thus indicating
nuclear translocation of NF-κB. On the other hand, TCs receiving combined treatment (renin and HIV) displayed a
maximum nuclear presence of p-p65. (B, C) TCs (C) were transfected with siRen, si(P)RR, or SCR. Protein blots of
control, siRen, si(P)RR, or SCR TCs were probed with renin and (P)RR. The same blots were reprobed for actin.
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Representative gels are shown. (B) TCs showing partial silencing of renin. (C) TCs display silencing of (P)RR. (D)
Control TCs and SiRen (R)-transfected TCs were pulsed with HIV (H) and then incubated in medium containing either
buffer or renin (R, 1 nM) for 4 h (n=3). EMSA was performed on nuclear extracts from control and experimental cells. A
representative gel is shown. Control (C), with renin (C/R), HIV-pulsed (H), HIV+renin (H/R), and cells silenced for renin
(siRNA-R), including control (C) and HIV-pulsed cells (H). (E) Control TCs and siRNA-(P)RR transfected TCs were
pulsed with HIV (H) and then incubated in medium for 4 h (n=3). EMSA was performed on nuclear extracts from control
and experimental cells. A representative gel is shown.
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Figure 7.
Schematic representation of the proposed role of renin in HIV replication.
Interaction of renin with (P)RR leads to binding of (P)RR to PLZF and its translocation to the nucleus. The PLZF-
activated PI3K pathway enhances NF-κB activity, resulting in its binding to the LTR promoter site and thus advancing the
propagation of the Gag polyprotein. Both renin and Hpr cleave the Gag polyproteins which results in the generation of
proviral proteins, including p24.
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